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Mean ( Historically, MSDs are among the most common work-related injuries (Bernard, 1997) .
According to occupational illness and injury data compiled by the United States Bureau of Labor Statistics, MSDs represented approximately 33% of all non-fatal occupational injuries and illnesses across industry sectors in 2011 (Bureau of Labor Statistics, 2012).
Carpal tunnel syndrome, tendonitis, and neck and low back pain are some examples of musculoskeletal disorders and symptoms of which evidence suggests are often work related (Bernard, 1997) .
Exposure to physical risk factors in the working environments is thought to be associated with MSDs. Physical risk factors include exposure to forceful muscular exertion, highly repetitive motions, whole-body and hand-arm vibration, sustained postures, as well as awkward posture (Bernard, 1997; Gerr, Letz & Landrigan, 1991; Silverstein, Fine & Armstrong., 1987; Stock, 1991) .
The high prevalence of MSDs among working people not only presents problematic health effects, but also presents socioeconomic problems (Mayer, Gatchel, Polatin, & Evans, 1999) . Direct costs of MSD cases include medical expenses (worker compensation claims) and lost wages, and cost approximately $8000 per upper extremity injury (Webster & Snook, 1994) . More than 20 percent of claims for work-related MSDs of the upper extremity cost greater than $5000. In 1994, 3.6 percent of workers compensation claims were accounted for by musculoskeletal disorders of the upper extremities, and these claims accounted for 6.4 percent of the total workers compensation costs. Other costs associated with MSDs are considered indirect costs. These costs include insurance, retraining workers, increased turnover, increased absenteeism, and decreased productivity (Hashemi, Webster, Clancy, & Courtney, 1998) .
Musculoskeletal Disorders in Healthcare
High numbers of reported musculoskeletal disorders in the health care setting make MSDs an important health issue for all healthcare workers (Bureau of Labor Statistics, 2012) . Positive associations between exposure to physical risk factors and musculoskeletal pain or disorders have been observed in healthcare worker groups such as nursing, dental hygienists, and custodial workers (Alamgir & Yu, 2008; Hayes, Cockrell, & Smith, 2009; Smedley et al., 2003) .
Allied healthcare workers and physicians are also at risk for developing MSDs (Hayes, 2009; Stomberg et al., 2010; Capone, Parikh, Gatti, Davidson, & Davison, 2010; Molumphy, Unger, Jensen, & Lopppolo, 1985) . Physical therapists are at high risk of developing MSDs, with one study reporting 80% of therapists having work-related musculoskeletal pain or discomfort in one part of their body within the last twelve months (Cromie, Robertson, & Best, 2000) . Similarly, the prevalence of neck and shoulder musculoskeletal symptoms has been estimated to exceed 60% among dental professionals (Hayes et al., 2009 ).
Several studies have described a relationship between sub-optimal ergonomic characteristics of operating rooms and musculoskeletal symptoms among surgeons (Stomberg et al., 2010; Capone et al., 2010 , Soueid, Oudit, Thiagarajah, & Laitung, 2010 Gofrit et al., 2008) . Surgeries require physicians to operate continuously for long periods of time, which can be physically demanding due to prolonged standing, awkward body positioning, and the frequent use of tools requiring precise distal upper extremity control and static loading of the shoulder (Soueid et al., 2010) . One study suggested that 97 percent of surgeons felt that operating rooms are in need of ergonomic improvements (Matern & Koneczny, 2007) . In another study, 73 percent of laparoscopic surgeons reported musculoskeletal symptoms in at least one body region while performing surgery or after completion of surgical procedures (Sari, Nieboer, Vierhout, Stegeman, & Kluivers, 2010 A postal survey was sent to 2,529 ophthalmologists in order to describe the prevalence of MSDs of the neck, low back, and upper extremities. The response rate of the survey was 28% (Dhimitri et al., 2005) . Of the 697 respondents, 51% reported symptoms consistent with musculoskeletal disorders during the month prior to completing the survey. The most common anatomic area affected was the low back (39%), followed by the upper extremity (32.9%), and the neck (32.6%). The ophthalmologists more likely to report symptoms of the neck tended to be younger, were more likely to be female, had fewer years in practice, and had higher reported stress levels. Factors that did not appear to be associated with symptoms included the number of patients per day, the number of surgeries and laser procedures per week, and specializations within the field (e.g., glaucoma, occuloplastics, vitreoretinal, and neuroophthalmology).
In a cross-sectional study, a questionnaire regarding work practices and the prevalence of back pain was given to 498 ophthalmologists and completed by 325 ophthalmologists (65% response rate) in the United Kingdom (Chatterjee, Ryan & Rosen, 1994) . Of ophthalmologists who performed surgeries, 34% experienced neck pain and 81% experienced low back pain. Using methods to avoid back pain such as "maintaining safe postures" and "adjusting equipment" were reported by several of the respondents (Chatterjee et al., 1994) .
Most recently, Kitzmann et al. (2012) conducted a cross-sectional study to compare the prevalence of musculoskeletal symptoms between eye care providers and family medicine physicians. Information was collected about participants' perceptions of the importance of job factors related to biomechanical loading (e.g. working very fast; working in the same position for long periods of time; bending or twisting your back;
working in awkward or cramped positions), in addition to prevelance of musculoskeletal symptoms in several anatomical regions. Exposure to occupational psychosocial stress was assessed with the commonly used Job Content Questionnaire (Karasek, 1998) .
Questionnaires were given to 210 eye care professionals and family physicians and 187
were returned (response rate of 99% for eye care professionals and 80% for family medicine physicians). Eye care physicians were more likely than family medicine physicians to report musculoskeletal symptoms of the neck (OR 2.41; 95% CI, 1.1-5.3; p < .03) in a multivariable logistic regression model controlling for gender, exercise frequency, and the number of patients seen by the provider per day (other potential confounders such as age, occupational psychosocial stress, and prior neck injury did not survive the variable elimination process). The number of patients per day was also associated with neck symptoms (OR 1.05; 95% CI, 1.00-1.09; p < .04). When compared to family medicine physicians, eye care physicians more often reported that job factors moderately to greatly contributed to musculoskeletal symptoms. The greatest difference was observed in the job factors category "working in awkward or cramped positions" (57% vs. 15%; p < .01). Other job factors reported more frequently in eye care
physicians were "performing the same task repeatedly," working in awkward or cramped positions, and "working in the same position for long periods" (Kitzmann, et al., 2012) .
A questionnaire containing a comprehensive list of occupation-related tasks was administered to 350 ophthalmologists at the Annual Iranian Congress of Ophthalmology and mailed to an additional 1050 Iranian registered ophthalmologists (Chams, Mohammadi, & Moayyeri, 2004) . Of these questionnaires, 162 were returned (response rate of 46%). The most common complaints were musculoskeletal symptoms of the back (80%) and neck (69%). However, 98.3% of the participants reported musculoskeletal symptoms in at least one anatomic region (specifically, the back, neck, or shoulder) (Chams, et al., 2004 (Soueid et al., 2010) . While ophthalmologists spend a great deal of time in the operating room, a substantial proportion of their time is also spent examining patients in a clinical setting and performing minor, non-surgical procedures.
Characterizing exposures to physical risk factors in both clinical and surgical settings will aid in achieving a full understanding of the occupational risk factors involved in ophthalmology.
Two common pieces of equipment used by ophthalmologists which may result in exposure to physical risk factors include the slit lamp biomicroscope (Figure 1 ) and the indirect ophthalmoscope (Figure 2 ). In Figure 1 , the ophthalmologist is sitting at the slit lamp biomicroscope. The ophthalmologist must awkwardly hold his or her neck forward to obtain a clear view of the patient's eye through the oculars while adjusting the instrument's position and focus using one hand. Ophthalmologists will often hold a second, external lens up to the patient's eye, requiring an elevated, static, upper arm posture for prolonged periods of time. Some ophthalmologists use an elbow rest while holding the lens to minimize shoulder discomfort or fatigue, but use of an elbow rest appears to be based solely on individual discretion.
Awkward neck flexion may occur with the use of an indirect ophthalmoscope ( Figure 2 ). An indirect ophthalmoscope is commonly used while examining a patient, and can be uncomfortable for the ophthalmologist, especially when looking downward due to the location of the weight being centered on the ophthalmologist's forehead.
While using the indirect ophthalmoscope, the ophthalmologist also holds a lens with one hand and moves around the patient to obtain views into the eye from various angles.
The slit lamp biomicroscope and the indirect ophthalmoscope are potentially problematic because of the awkward postures they force the ophthalmologist to adopt (e.g. holding one hand up to the eye without an elbow rest) and the strain they might put on muscles (e.g. holding the weight of the indirect ophthalmoscope up with the head/neck). While reports in ophthalmology-related periodicals highlight the need to consider ergonomics (Roach, 2009) 
Methods of Assessing Exposure to Physical Risk Factors
Methods used to estimate exposure to physical risk factors in prior studies include: 1) self-report of exposure, such as surveys or ratings of perceived exertion, 2) observational methods such as expert ratings or videotape analysis, and 3) direct measurement (Winkel & Mathiassen, 1994; Burdorf & van der Beek, 1999) . Self-report and observational exposure assessment techniques have the advantages of low cost and ease of application, but the information obtained lacks precision and accuracy and can result in misclassification of exposure (Burdorf & van der Beek, 1999; Hansson et al., 2001; Spielholz et al., 2001; Bao et al., 2009 ). In addition, many of these exposure methods use idiosyncratic criteria and metrics, limiting comparisons across studies (Viikari-Juntura et al., 1996; Ketola et al., 2001) . Direct measures, such as surface electromyography (EMG) and inertial sensors, produce precise, quantitative, and unbiased estimates of exposure to physical risk factors (Winkel & Mathiassen, 1994; Burdorf & van der Beek, 1999) . In addition, the raw exposure data can be archived and reprocessed as newer exposure summary measures are developed (e.g., Kazmierczak et al., 2005) to facilitate comparison with future studies.
Skeletal Muscle and Surface Electromyography
Muscular contractions are the basis of coordinated movement (Kumar & Mital, 1996) . Skeletal muscle tissue is attached to bone and is responsible for skeletal support and movement (Raez et al., 2006) . Each muscle consists of muscle fibers grouped together, and the fibers in turn consist of individual myofibrils (Cram & Kasman, 1998) .
Each myofibril contains actin and myosin, the fundamental elements of muscle contraction. Muscle contraction occurs when actin and myosin filaments change positions, sliding past one another in response to an electrochemical process called an action potential (Kumar & Mital, 1996) . Actin and myosin lay next to each other and are both negatively charged, causing them to repel one another during resting states.
When a nerve action potential occurs, there is a release of acetylcholine, sending a charge, which allows calcium ions to flood into the space where the actin and myosin molecules are located. This chemical process results in a sudden change of electrical potential across the muscle fiber cell membrane. (Cram & Kasman, 1998) . Calcium ions, which have strong positive charges, bond with actin filaments, causing the negatively charged myosin filaments to become attracted to the actin filaments. When the actin and myosin filaments slide past each other in opposite directions due to their attraction, a muscular contraction occurs. As the two filaments move past each other, energy in the form of ATP is released which provides energy for releasing the calcium ion from actin and allowing the myosin and actin to separate from one another.
All skeletal muscle activity is controlled via the motor nervous system (Kumar & Mital, 1996) . The collection of muscle fibers is innervated by a single nerve fiber, and will produce a muscle action potential (Cram & Kasman, 1998) . Skeletal muscle must be able to generate force. To generate force, the number of muscle fibers stimulated must be increased causing more action potentials to be produced. During a contraction, the smallest muscle fibers and motor units will be recruited first, followed by the larger muscle fibers and motor neurons as demand increases. Increasing the firing rate of motor neurons can also generate muscular force (Cram & Kasman, 1998) .
Surface EMG Instrumentation and Signal Processing
Electromyography (EMG) is the study of muscle electrical signals ( Raez, Hussain, & Mohd-Yasin, 2006) . Surface EMG is acquired by using electrodes placed directly on the skin (Raez et al., 2006) . These electrodes are lightweight and small, allowing subjects to move freely as usual throughout the workday. Surface EMG allows researchers to collect continuous, quantitative muscle activity information relatively easily and in a non-invasive manner (Cram & Kasman, 1998) .
Surface electromyography uses bipolar electrode configuration (Kumar, 2001 ).
Typically, the electrodes consist of two, parallel, metal sensing terminals. The electrodes are placed on the skin, over the desired muscle of interest. Placement of the electrodes is usually over the thickest part of the muscle body. Along with electrodes, a reference electrode is also placed on the skin. The reference electrode is placed on an inactive part of the body and is necessary in order to reduce electrical noise (Kumar & Mital, 1996) .
When EMG is acquired from the surface electrodes, the electrical signal at any point in time is a summation of motor unit action potentials occurring in the muscles beneath the skin. When an electrical signal from the muscles reaches the skin, the surface electrodes then sense the energy. To obtain a high-quality EMG signal, the skin at the electrode placement location is usually cleansed of contaminating dead skin cells and oils and then lightly abraded to minimize electrical impedance (Cram & Kasman, 1998 ).
The EMG voltage signal is either positive or negative, depending on when the action potentials occur (Raez, et al., 2006) . The voltages from the electromyographic signals are very small (microvolts) at the pick-up site (Kumar, 2001) . Integrity of the EMG signals can be lost due to noise of the system or some other interference (Raez et al., 2006) . To prevent the signal from losing its integrity, when the electrode picks up the signal it is preamplified before noise has a chance interrupt the signal (Kumar, 2001 ).
During differential amplification, the muscle activity from the recording electrodes is compared to the activity in the reference electrode. The EMG signals observed in both the reference electrode and the recording electrodes is eliminated; and the EMG signals observed only in the recording electrodes is further amplified and processed (Cram & Kasman, 1998) .
Raw EMG data requires signal-processing methods to be applied for the purpose of signal amplitude estimation (Raez, et al., 2006) . Researchers analyze EMG using various processing techniques, but currently there is not a standard method for processing the raw EMG data. In occupational studies, the intensity of muscular exertion measured using EMG is often estimated by first transforming the raw signals into instantaneous root-mean-square (RMS) amplitude (Kumar & Mital, 1996; Juul-Kristensen et al., 2002; Fethke, Anton, Cavanaugh, Gerr, & Cook, 2007) .
Objectives
Currently, there have been no studies in which ophthalmologists' muscle activity has been measured using EMG across a full working day. The objective of this thesis was to characterize neck and shoulder muscle activity (using surface EMG) among eye care physicians during common clinical activities. Specifically, the aims were to:
1. Characterize neck/shoulder muscle activity among eye care physicians during common clinical activities. MSDs in multiple body regions, including the 1) neck (33% to 69%), 2) upper extremity/shoulder (27% to 33%), and 3) low back (26% to 80%) (Gofrit et al., 2008; Szeto et al., 2009; Capone et al., 2010; Stomberg et al., 2010; Soueid et al., 2010; Sari et al., 2010) . Recent evidence also suggests that eye care physicians report musculoskeletal pain (of the neck and shoulder, in particular) more frequently than physicians in other medical specialties (Kitzmann et al., 2012) .
The contributing role of the physical work environment to the development of MSDs or musculoskeletal pain among eye care physicians must be taken seriously.
Occupational physical risk factors for MSDs include exposure to forceful muscular exertion, repetitive motion, and sustained and/or awkward postures (Silverstein et al., 1987; Gerr et al., 1991; Chiang et al., 1993) . Several epidemiological studies have reported positive associations between exposure to physical risk factors and MSDs or musculoskeletal pain among occupational groups in the health care sector, including registered nurses (Smedley et al., 2003) , dental hygienists (Hayes et al., 2009) , and custodial workers (Unge et al., 2007; Alamgir & Yu, 2008 Methods used to estimate exposure to physical risk factors in occupational studies include: 1) self-report of exposure, such as surveys or ratings of perceived exertion, 2) observational methods such as expert ratings or videotape analysis, and 3) direct measurement (Winkel & Mathiassen, 1994; Burdorf & van der Beek, 1999) . Self-report and observational exposure assessment techniques have the advantages of low cost and ease of application, but the information obtained lacks precision and accuracy and can result in misclassification of exposure (Burdorf & van der Beek, 1999; Hansson et al., 2001; Spielholz et al., 2001; Bao et al., 2009 ). In addition, many of these exposure methods use idiosyncratic criteria and metrics, limiting comparisons across studies (Viikari-Juntura et al., 1996; Ketola et al., 2001) . Direct measures, such as surface electromyography (EMG) and inertial sensors, produce precise, quantitative, and unbiased estimates of exposure to physical risk factors (Winkel & Mathiassen, 1994; Burdorf & van der Beek, 1999) . In addition, the raw exposure data can be archived and reprocessed as newer exposure summary measures are developed (e.g., Kazmierczak et al., 2005) to facilitate comparison with future studies.
While the selection of a particular measurement approach has implications for the precision of the data obtained, a complete characterization of physical risk factor exposure patterns must also consider important factors that may influence the magnitude of the exposure (i.e., components of exposure variance). For any set of physical risk factor exposure measurements obtained from a sample of workers within an occupational group, the total exposure variance can be broadly modeled as the sum of between-worker and within-worker variance components. The within-worker exposure variance can be further partitioned into between-day and, depending on the nature of the work, within-day sources (e.g., task-within-day or hour-within-day) (Mathiassen, Burdorf, & van der Beek, 2002) . Information about the relative importance of sources of physical risk exposure variance is critical to inform the design of interventions or best-practices intended to mitigate the risk of MSDs (Mathiassen, Moller, & Forsman, 2003; Moller, Mathiassen, Franzon, & Kihlberg, 2004 ).
To our knowledge, no previous study has reported exposure to physical risk factors, as estimated with precise, direct measurement methods, among ophthalmologists during routine clinical care. The objectives of this study were 1) to characterize neck/shoulder muscle activity and 2) to estimate the relative influence of several between-worker and within-worker factors on the magnitude of neck/shoulder muscle activity among eye care physician during routine patient care activities in a clinical setting.
Methods
We performed a repeated-measures, field-based study of upper trapezius and 
Measurement Overview
For each participant, data were collected across two full working days during performance of routine clinical duties. Common clinical activities included 1) examining a patient using the slit lamp biomicroscope, 2) examining a patient with the indirect ophthalmoscope, 3) performing laser treatment, 4) checking eye pressure using a tonopen, 5) refracting at the photoropter, 6) using a handheld light, 7) using a computer and 8)
other activities not associated with patient care.
Surface EMG Methods
Study Instrumentation
Surface electromyography (EMG) was used to obtain muscle activity of the left and right upper trapezius and the left and right anterior deltoid muscles. Myoelectric activity from these muscles was collected using preamplified, differential electrodes (model DE2.3, Delsys Inc., Bostan, MA). Before electrode placement, participants' skin over the upper trapezius and anterior deltoid was cleansed and lightly abraded using rubbing alcohol. Standard electrode placement procedures and locations were used (Cram & Kasman, 1998) , and the electrodes were secured to skin with double-sided hypoallergenic tape. A reference electrode was placed over the clavicle on the nondominant side.
The electrodes were connected to a portable surface EMG instrumentation amplifier and data logger (Myomonitor IV, Delsys Inc, Boston, MA). The data logger was then placed in a small pack worn about the waist. Raw EMG signals were digitized at a sampling rate of 1000 Hz, stored on a flash memory card, and then transferred to a computer for later analysis.
Surface EMG Pre-Analysis Data Processing
All EMG recordings were processed with custom software (Fethke, Anton, Fuller & Cook, 2004) . Raw EMG recordings were visually scanned for transient artifacts.
Transient artifacts are very short-lasting, irregular, changes in an EMG signal that are unrelated to muscle activity. For each muscle separately, transient artifacts were removed and replaced with the mean value of the full EMG recording. The mean voltage of the raw EMG recordings was then subtracted to remove DC offset. The raw EMG recordings were then converted to instantaneous RMS amplitude using a 100-sample moving window with a 50-sample overlap .
EMG Normalization procedures
To compare surface EMG recordings between individuals or to compare surface EMG recordings between days from the same individual, the muscle activity recorded during work must be calibrated (i.e., "normalized") to a standard reference contraction.
For normalization purposes in this study, participants performed submaximal isometric contractions.
Normalization of the upper trapezius required participants to stand with upper arms abducted to 90°of elevation with approximately 20° of horizontal adduction. The participants' elbows were fully extended and the forearms pronated while holding a 2 kg weight in each hand. Normalization for the anterior deltoid required participants to stand with the upper arms flexed forward to 90°of elevation. The participants' elbows were fully extended and the forearms pronated while holding a 2 kg weight in each hand (Jackson, et al., 2009; Veiersted, 1990; Mathiassen et al., 1995) .
Three repetitions of the reference contractions were performed for each muscle, and each repetition was 15 seconds in duration. A one-minute rest period was provided between repetitions to avoid fatigue. For each 15 second repetition, the mean RMS EMG amplitude of the middle 10 seconds was calculated. For each muscle, the reference activity level was defined as the average of the mean RMS EMG amplitudes from the three reference contraction repetitions.
The resting EMG amplitude level was also measured for each muscle for 60 seconds. The resting level was obtained while the participant sat in a relaxed posture with the upper back and forearms supported. The resting level was defined as the lowest mean RMS amplitude over five seconds during the 60 second recording and was subtracted from all subsequent RMS amplitude values in a power sense (Thorn et al., 2007) . Following subtraction of the resting levels, EMG data collected during work activity was expressed as a percentage of the reference muscle activity levels (%RVE).
Once EMG normalization procedures were completed, the EMG data logger was set to collect muscle activity throughout the workday while participants performed regular clinical activities. The exact start time of logging data was recorded and the participant was observed during their workday.
Data Collection Procedures
During data collection, a research assistant shadowed each participant to record the time (to the nearest second) at which specific clinical activities began and ended.
Variations in clinical techniques were also recorded, depending on relevance to neck/shoulder biomechanical loading. For example, start and stop time was recorded during use of the slit lamp biomicroscope, as was the hand the participant used to operate equipment and whether or not the participant used an elbow rest.
Participants had a varied number of patient interactions (i.e., "exams"), resulting in varied data collection durations between subjects and work days. To account for differences in hours of data and number of patient interactions, eight randomly selected exams from each day of observation were analyzed.
EMG Summary Measures
For each patient exam, the arithmetic mean of the normalized RMS EMG amplitude (in %RVE) was calculated for each muscle. In addition, the amplitude probability distribution function (APDF) was obtained for each muscle (Jonsson, 1982) .
The RMS EMG amplitude associated with 10 th percentile of the APDF is considered the static muscle load, the RMS EMG amplitude associated with the 50 th percentile of the APDF is the median muscle load, and the RMS EMG amplitude associated with the 90 th percentile of the APDF is considered the peak muscle load (Jonsson, 1982) . As an example, and to clarify the meaning of the APDF percentiles, a 10 th percentile APDF value of 5% RVE indicates that the amplitude of muscle activation was at or below 5%
RVE for 10 percent of the EMG recording (Winkel & Bendix, 1986) .
Gap analysis was performed on data to evaluate periods with minimal EMG activation. EMG gap analysis provides two important summary measures: the gap frequency, which is the average number of gaps per minute over the analysis time period, and the percent time of muscular rest, which is the summed duration of all gaps divided by the duration of the EMG recording (Veiersted, Westgaard, & Andersen, 1990) .
Increases in the frequency of EMG gaps and the total gap duration have been associated with reduced risk of muscle myalgia (Veiersted, 1991) . For this study, an EMG gap was defined as a period of normalized RMS EMG activity below 5% RVE for a minimum of 0.25 seconds.
Statistical Methods
All statistical analyses were performed using SAS (version 9.3, SAS Institute, (Burdorf, 1992) .
Results
Participant Characteristics
Full data sets, each including eight patient interactions on each of two days of measurement, were available for eight of the study participants. Six participants were faculty, and two were residents. Sub-specialties of participants included specialists in retina, cornea, glaucoma, pediatrics, occuloplastics, or general ophthalmology. The age, height, body mass index (BMI), and years in practice are summarized in Table 1 . The mean age was 48 (range: 29-61), the mean height was 178.6 cm (range: 162.6-188.0), and the mean BMI was 24.8 kg/m 2 (range: 21.5-28.8 kg/m 2 ). The mean exam duration was 10.56 minutes (range: 100 seconds to 38.3 minutes). The median number of exams observed across participants and data collection days was 24.5 (range: 8 to 43 exams).
EMG Data Quality
Removal of transient artifacts occurred during analysis of each participant's data set. Transient analysis resulted in the removal of approximately 23 total seconds of artifact across all participants and exams (range: 0-3.4 sec). After the removal of transients, 99.96% of original EMG data was retained for processing and analysis.
Exposure summary measures
The means, standard deviations, coefficients of variation, and interquartile ranges for each EMG summary measure are shown in Table 2 . Similar distributions were observed for all muscles and EMG summary measures. The apparent balance in muscle activity and rest time between the right and left sides (for both the upper trapezius and anterior deltoid) suggests that neither the clinical equipment nor participant behavior (on average) served to impart asymmetrical physical effort in a systematic manner.
Exposure Homogeneity
The variance ratio, or exposure homogeneity, was calculated for each summary measure (Burdorf , 1992; Fethke et al., 2012) . The variance ratio is the ratio of the within-worker variance to the between-worker variance. The exposure homogeneity by muscle group can be found in Table 3 . Exposure homogeneity greater than 1.0 was observed for all EMG summary measures that capture the peak or mean intensity of muscular exertion (mean RMS amplitude, 50 th percentile APDF, 90 th percentile APDF).
For metrics that capture the lower intensity muscular exertions (10 th percentile APDF, gaps per minute, percentage of muscular rest), 10 of 12 summary measures had an exposure homogeneity greater than one.
Relative contribution of variance components to total exposure variance
The estimated relative contributions of each component of exposure variance to the total exposure variance are presented in Table 3 . The magnitudes of the different variance components were obtained from fully nested ANOVA models. Exposure components included 1) between-subject, 2) between-day-within-subject, and 3)
between-exam-within-day-within-subject.
The relative contributions of the variance components to the total exposure variance had some similarities. For example, for the left and right upper trapezius, the highest percentage of relative contribution was observed in the between-exam-within day-within-subject component for all measures except the percentage of musclar rest.
The relative contributions of the variance components to the total exposure variance also showed some differences. For example, for the mean RMS amplitude of the right anterior deltoid, 36.0% of the total exposure variance could be attributed to the between-subject component, 24.5% to the between-day-within-subject component, and 39.7% to the between-exam-within-day-within-subject component. In contrast to the mean RMS amplitude, for the 10 th percentile of the APDF of the right anterior deltoid, 73% of the total exposure variance could be attributed to the between-subject component, 21.6% to the between-day-within-subject component, and only 5.4% to the betweenexam-within-day-within-subject component. anterior deltoid muscles. Whole-shift surface EMG measurements were obtained over two full working days for each participant. Based on the minimum number of patient interactions observed, eight randomly-selected patient exams were chosen for analysis of EMG summary measures of both high and low muscular intensities. Nested, random-effects ANOVA models were then constructed to estimate the relative contributions of between-subject and within-subject components of exposure variance to the total exposure variance.
To our knowledge, no previous study has reported anterior deltoid muscle activity in an occupational setting across a full work day. Abundant information about whole day upper trapezius muscle activity is available in the literature; however, differences in the normalization procedures and intensities of the reference contractions limit the number of studies to which the results of this study can be directly compared (Balogh, Hansson, Ohlsson, Stromberg, & Skerfving, 1999; Hansson et al., 2000; Nordander et al., 2004; Jackson, Mathiassen, 2009; Fethke, et al., 2012; Mathiessen et al., 2005; Mathiassen, Burdorf, & van der Beek, 2002) . The most comparable studies include analyses of whole-day upper trapezius muscle activity among hospital cleaners and office workers (Hansson et al., 2000) , among office workers, maintenance personnel, and custodians employed at a university , among machine-paced assembly workers (Nordander et al., 2004) , and among participants performing simulated industrial assembly tasks in a laboratory setting (Mathiassen et al., 2002) . Among these studies, summary measures from the APDF ranged from 3.6 %RVE to 21.6 %RVE (for the 10 of the APDF, 85.0% of the total variance was attributable to the between-subject effect, 10.4% to the between-day-within-subject effect, and 1.4% to the between-work cyclewithin-day-within-subject effect. Similarly, among machine-paced assembly workers in a field setting, Mathiassen et al. (2002) observed that 60% of the exposure variance could be attributed to the subject, 30% to the day of measurement, and 10% to the period of measurement within a day.
The differences between the current study and previous studies may be related to whether or not cyclic tasks play a role in the amount of exposure variance. The withinday variance will be larger in jobs composed of several tasks as opposed to jobs composed of more repetitive tasks (Mathiessen et al., 2002) . This information is consistent with the current study, in which the clinical tasks were not cyclic and the variance was highest for the component between-exam-within-day.
As in previous studies (Westgaard et al., 2001; Fethke et al., 2012; Jackson et al., 2009; Mathiassen et al., 2002) , the between-subjects variance observed in this study was consistently greater than the between-days-within-subjects variance for the upper trapezius EMG summary measures, suggesting that the number of days on which measurements are obtained is less important than the total number of subjects measured.
However, the total within-subjects variance was relatively high, driven by the betweenexam-within-day-within-subject variance component. Therefore, more research is needed to determine interventions for reducing upper trapezius workload among ophthalmologists. Due to the high within-subject variance, research should focus on specific clinical tasks.
Some between-day-within-subject variance may be due to imperfect reproduction of electrode placement or day-to-day individual physiological differences, resulting in between-day differences in the EMG amplitude recorded from the reference contractions during the normalization procedures (Mathiassen, Burdorf, van der Beek, & Hansson, 2003; Norander et al., 2004) . However, empirical evidence suggests that variance attributable to normalization procedures accounts for less than 5% of the between-dayswithin-subject variance (Jackson et al., 2009 ).
The data set analyzed for this study is a small portion of the entire data set available. During data collection, specific clinical activities and the time in which they were being performed were recorded. Because this study shows such high within-exam variance, further research should use the EMG data for specific (within-exam) clinical
activities to obtain more in-depth knowledge of the physical risk factors in the eye care
setting.
Limitations
The current study presents multiple limitations, and these should be considered for future applications. Perhaps the biggest limitation in the current study is the small sample size (n=8). The small sample size may not fully represent all ophthalmologists, or typical patient interactions Therefore, a larger sample may present a clearer and more accurate estimate of each variance component in relation to the total exposure variance.
Depending on the number of patients scheduled, a full working day differed between study participants. Working day duration varied between five and nine hours across participants and measurement days. The difference in shift-length, as well as differences in patient scheduling, caused some ophthalmologists to have only eight patient interactions, while others had up to forty-three patients. By increasing observation days, it might be possible to mitigate this limitation and to get a true sample of between-day-within-subject and between-exam-within-day-within-subject variance components.
Participants included 6 faculty members and 2 residents in ophthalmology and represented a range of specializations; one participant was a general ophthalmologist, three were vitreoretinal specialists, one a pediatric ophthalmologist, one a cornea specialist, one a glaucoma specialist, and one an occuplastic surgeon. Each of the specialties presents unique patient interactions, thus resulting in the use of different clinical equipment for different lengths of time. Although the same basic equipment was used among all specialties, the current analysis did not consider specialty as a possible source of variance. For further applications, it would be useful to know the exposures to specific tasks based on specialty, rather than grouping all specialties into one category because each specialty uses the equipment differently.
Muscle activity of two muscle groups (anterior deltoid and upper trapezius) was measured based on their importance in neck and shoulder biomechanics. For future applications, EMG of additional muscle groups may provide further insight into physical workload of ophthalmologists during clinical activities.
Conclusions
The objectives of this study were to 1) estimate the distribution of exposure to forceful muscular exertion of important neck and shoulder muscles during common clinical activities and to 2) estimate the relative contribution of important components of exposure variance to the overall exposure variance. Using a random effects analysis of variance, relative contributions of variance components to overall exposure variance was estimated. It was observed that between-exam-within-day-within-subject had the largest contribution to overall variance of muscle activity measurements. Table 3 . Magnitude of the components of exposure variance, relative (%) contributions to the total exposure variability, and exposure homogeneity for each summary measure. Chapter two provided information on the distribution (mean, standard deviation, coefficient of variation, minimum, maximum and interquartile ranges) of each summary measure. Evidence in chapter two suggests that a between-exam-within-day-withinsubject is a very important component of the overall exposure variance. This result was expected due to the non-cyclic nature of the work and the numerous tasks performed depending on patient needs.
Note
This study only examined exposures to the neck and shoulder muscles and should be interpreted cautiously due to the small number of participants. However, this study provided an idea of relative contributions to overall exposure variance, and showed the importance of each component. Further work should be done to fully understand ophthalmologists' exposures to physical risk factors, such as finding what activities force ophthalmologists to sustain awkward postures most frequently. In the future, researchers should consider longer sampling periods with more exams and should take specific tasks within the exams into consideration. Researchers should also use the EMG data set from all 18 ophthalmologists, which also includes EMG information of specific clinical activities within exams.
Based on the exposure variances observed in this thesis, researchers now need to look into each exam in order to discover exactly what tasks are presenting physical risk factors to the ophthalmologists. By looking specifically at the tasks performed as well as task duration, ergonomic interventions will be possible. Interventions will then need to be tested against current ophthalmology exam methods in order to finally reduce, or eliminate, ergonomic risk factors in the ophthalmology industry.
